can (sdc), which encodes a conserved transmembrane protein containing a heparan-sulfate-modified extracellular domain [9, 11], shows zygotic patterns overlapping all tissues affected in slit mutants and in domains directly adjacent to regions of slit expression ( Figures 1A-1D (reviewed in [9] ), a heparan sulfate proteo-1F-1H). The heparinase sensitivity of the mammalian glycan (HSPG), is required for proper Slit signaling. We Slit/Robo interaction (see above), the molecular nature generated syndecan (sdc) mutations and show that of Sdc, and its coexpression with Robo (and thus also they affect all aspects of Slit activity and cause robowith Robo2 and Robo3; see above) are consistent with like phenotypes. sdc interacts genetically with robo a role of Sdc in Slit signaling. and slit, and double mutations cause a synergistic In order to test this proposal, we generated sdc mustrengthening of the single-mutant phenotypes. The tants by imprecise excision of a P element inserted in results suggest that Syndecan is a necessary compothe first intron of the sdc gene ( Figure 1I ). We identified nent of Slit/Robo signaling and is required in the Slit two sdc mutations, the alleles sdc 97 and sdc
, the translation Results and Discussion start site as well as parts of the signal peptide encoded by the second exon are removed in the sdc 23 
allele (FigBiochemical studies on mammalian Slit revealed that ure 1I; see legend for details). Both deletion mutants fail members of this ligand family are capable of binding to
to express the sdc transcript in all regions of the embryo the HSPG Glypican, and that the in vitro interaction is where transcripts are detected in wild-type embryos. sensitive to heparinase III treatment [7] . Furthermore, Furthermore, Sdc could not be detected by anti-Sdc heparinase III treatment significantly reduced the bindantibodies in the mutant embryos (not shown). These ing of human Slit2 to Robo1-transfected cells and refindings indicate that the newly generated sdc mutants duced its biological activity [8] . In contrast to mammals, are either strong hypomorphic or amorphic alleles. the Drosophila genome contains only a single Slit-codHomozygous sdc mutants were semilethal and ing gene [10] , which acts through three receptors: Robo, showed identical phenotypes in the CNS and in the Robo2, and Robo3 [1, 3]. These receptors are expressed muscle pattern (see below). In order to unambiguously in an overlapping set of axons of the longitudinal tracts demonstrate that the lack of sdc activity is responsible that run parallel to the midline of the developing CNS for the mutant phenotype observed, we panneurally ex-[1, 3]. In order to identify an endogenous HSPG that pressed Sdc-RA using the GAL4/UAS system (see might participate in Slit signaling, we examined the exabove) in sdc mutant individuals. Table 1 shows that pression of HSPG-encoding genes by whole-mount in the neural phenotype of the mutants was rescued, indisitu hybridization, looking for HSPG encoding genes that cating that the mutant phenotype was caused by the are expressed in patterns that include the expression lack of Sdc and that the transgene provides functional domains of Slit and/or Robo. We observed that syndeSdc activity. In order to examine the possible defects in axonal guidance and muscle patterning, we stained sdc mutant *Correspondence: gvorbru@gwdg.de embryos with both Fasciclin II (FasII; mAB 1D4) antibodon gene expression and localization of the proteins (data not shown). In addition, we asked whether panneural ies, which label three longitudinal axon tracts at each side of the midline, and anti-Mhc antibodies, which visuoverexpression of sdc [12] interferes with axonal guidance and the establishment of the muscle patterns. alize the muscle pattern. The comparison of sdc, robo, and robo2 mutant phenotypes is shown in Figure 2 and Panneural sdc expression was strongly induced in transgene-bearing wild-type embryos (see Figure 1E ), but summarized in Table 1 . The results show that the lack of sdc activity causes phenocopies of robo and robo2 no effect on the FasII-expressing axons (Figure 2I ), the commissures (data not shown), and the mytotube patmutants; i.e., it affects both midline guidance of axons and the establishment of the muscle pattern (compare tern (Figures 2J) could be observed. Collectively, the results suggest that in the absence of sdc activity, both Figures 2D, 2F, and 2H) . The defects in CNS axon guidance were strikingly similar to robo2 mutants but less slit and robo expression as well as the production and localization of the proteins were not affected, but the pronounced than in robo mutants ( Figures 2C, 2E , and 2G; for details on robo mutant phenotypes see [1, 3, 14, effectiveness of the Slit signal is strongly reduced in sdc mutants. In addition, panneural sdc overexpression 15]). The muscle and CNS phenotypes were also weaker than in slit mutants ( Figures 3B and 3E) , in which signaldoes not interfere with Slit signaling. In order to link embryonic Sdc requirement genetically ing through all Robo receptors is impaired.
We next asked whether sdc activity participates in to Slit/Robo signaling, we next asked whether sdc mutations can enhance loss-of-function slit and robo phenothe control of robo and/or slit expression, or vice versa, by examining the strength and patterns of expression types. We found that the number of ventral muscles, which cross the midline dorsal of the CNS in homozyof each gene in sdc, robo, and slit mutant embryos. The results showed that there was no crossregulatory effect gous sdc and robo2 single mutants, is significantly in- Figures 3A and 3B) and and vice versa and that Robo is more sensitive to reduced Sdc-dependent Slit activity than Robo2. homozygous robo, robo2 double mutants (data not shown). In the CNS, the FasII-expressing longitudinal
A). Longitudinal axons collapse and form a single fascicle (D). (B and E) In slit mutants most of the ventral muscles cross the midline (B), and all axons of the CNS collapse and form a single fascicle at the midline (E). (C and F) robo, sdc double mutants show a robo-like phenotype (crossing muscle marked by arrow in [C]). (G) In wild-type embryos three longitudinal transverse muscles (LT) are present (arrows). (H and I) In sdc slit transheterozygous embryos additional LT muscles (arrows in [H]) and midline crossings are observed (arrow in [I]). (J-L) sdc mutants lacking one copy of robo (J), robo2 (K), or slit (L). Note axonal phenotypes similar to robo mutants (midline crossings in nearly every segment). For quantitative aspects see
The results imply that sdc, slit, and robo are components of the same genetic circuitry. We tested this profascicles of robo2, sdc double mutants converged into a single thick axon bundle at the ventral midline ( 3G and 3H ; Table 1 ). Furthermore, the number of FasII-expressing inner fascisdc double mutants, which are similar to a weak slit mutant phenotype, indicates that only some Slit-derived cles that cross the midline ( Figure 3I ) is increased (3.3%) as compared to slit heterozygous embryos (0.6%; Table repellent activity is received along the midline. In contrast to robo2, the robo mutant phenotype was not sig-1). More clearly, homozygous sdc mutant embryos, which also lack one copy of either robo, robo2, or slit nificantly enhanced by the simultaneous lack of sdc (Figures 3J-3L and G.V., unpublished data), pathways previously shown to be sensitive to the levels of other HSPGs (reviewed
